Abstract: A terahertz quantum cascade laser and an integrated Auston-switch are coupled to perform ultrafast gain switching. The resulting non-equilibrium gain is not clamped above laser threshold and large amplification of input terahertz pulses is demonstrated. © 2010 Optical Society of America Terahertz (THz) time domain spectroscopy (TDS) is a powerful technique used to generate and detect pulses of broadband THz radiation [1] . In order to generate THz pulses, near-infrared femtosecond lasers are used to excite photoconductive antennas [2] or nonlinear crystals [3] . Although the peak THz electric fields generated by these sources can be relatively high, the field amplitude per unit frequency is rather small owing to the extremely large spectral bandwidth of the generated THz pulse. Larger THz field amplitudes can be realised by increasing the power of the femtosecond laser. However, this requires large, complex and costly regenerative Ti:Sapphire amplifier systems [3] . A compact, practical and direct amplifier of THz pulses is therefore of great interest.
A promising candidate for a THz amplifier is the recently realised THz quantum cascade laser (QCL) [4] . In this semiconductor-based source laser action takes place through electronic intersubband transitions. Recently THz TDS has been used to measure the gain spectra of QCLs [5, 6] . In these experiments, the QCL essentially acts as an amplifier of THz probe pulses that are transmitted through the laser. However, the amplification is limited by gain clamping, which fixes the gain to the sum of the waveguide and mirror losses during laser action. The amplification can be increased by reducing the mirror reflectivity through the use of anti-reflection (AR) coatings. However, even for relatively high THz frequencies, low loss dielectric AR coatings are extremely challenging to realize [7] owing to the large coating thicknesses required
In this paper we employ gain switching [8] which consists in turning on the gain of a laser on a time scale that is much faster than the build up time of the laser field. During this period, the gain is greater than the total losses and unclamped from its value at threshold. The bare cavity gain of the laser (i.e. the un-clamped gain in the absence of a laser field) can therefore be accessed. This enables large amplification of terahertz probe pulses that is not limited by the facet reflectivity. The gain switching is performed by an Auston switch [9] integrated into the QCL allowing ultrafast injection of carriers into the active region. They are then measured in the time-domain using electrooptic sampling (not shown). The QCL is electrically connected to an Au contact on top of the ridge and a bottom n++ contact. The Auston switch is formed by etching through the n++ layer to the semi-insulating GaAs substrate A 2.45THz QCL based on a bound-to-continuum type design [10] was employed in this paper. A schematic of the sample along with the integrated switch is shown in figure 1 . The QCL active region is sandwich between the top ridge contact and a heavily doped n++ layer. The n++ layer is contacted with AuGeNi layers on either side of the a956_1.pdf
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CThU5.pdf 978-1-55752-890-2/10/$26.00 ©2010 IEEE ridge. The Auston Switch is realized by etching an opening between two Au contacts layers on one side of the ridge, through the n++ layer and exposing the GaAs semi-insulating substrate. When a femtosecond laser illuminates the Auston switch, photo-generated carriers are generated. This changes the switch's resistance from an insulating to conductive state and increases the bias voltage across the QCL on a picosecond timescale. This is faster than the build-up time of the laser field (100's of picoseconds). Broadband THz probe pulses are generated by discharging a photoconductive antenna with the same femtosecond laser that is used to excite the Auston switch. The THz probe pulses are then coupled into the QCL waveguide through the end facets. The transmitted pulses are measured using free-space electro-optic sampling in conjunction with a delay line for the femtosecond detection beam.
Owing to the facet reflectivity, when the injected THz probe pulse reaches the output facet, part of the pulse is transmitted (single pass) and the remaining part is reflected back into the QCL cavity. The reflected pulse experiences a series of multiple passes through the cavity, and hence undergoes a longer amplification length. With the Auston switch OFF, the amplitude of the transmitted pulse decreases as the number of passes through the QCL increases [5] . However, with the Auston switch ON, the field amplitude increases considerably as the THz probe pulses undergo more passes through the QCL. This indicates clearly that the gain of the cavity is greater than the total losses, and no longer clamped. Figure 2d shows the spectra for 5 passes of the THz pulse. The pulse power amplification at 2.46 THz is 26 dB after 5 passes through the QCL compared to the value with the Auston switch OFF [11] . These results will be discussed in further detail including the eventual saturation of the net amplification due to finite time of the electrical pulse from the Auston switch, the gain switch on time and the gain as a function of current density. Furthermore, we will discuss how the duration of the electrical pulses can be increased which would potentially amplify pulses THz pulses until their fields approach the internal saturation fields of the THz QCL.
